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Recent Advances in Real-Time Load-Pull Systems
Valeria Teppati, Member, IEEE, Andrea Ferrero, Member, IEEE, and Umberto Pisani

Abstract—In this paper, some of the latest advances in real-time
load-pull technologies will be described. A recently introduced
ultralow-loss directional coupler, which has been designed and
realized by the authors, provides a number of advantages when
used in load-pull test sets. This device has been called the load-pull
head. The new ultralow-loss load-pull head can transform any
passive precalibrated load-pull system into an easily calibrated
and accurate real-time load-pull test set, without losing high-
reflection-coefficient capabilities. Moreover, if used to realize an
active loop, the load-pull head reduces the risks of oscillations
and the amount of the loop amplifier output power. As an exam-
ple application, measurements with a passive real-time load-pull
setup of a 30-W laterally diffused MOS (LDMOS) transistor are
presented. Furthermore, some advice to bypass the remaining
unavoidable losses due to probes and cables is given. We will show,
with measurements and with very simple calculations, that the
combined use of load-pull heads, a passive tuner, and an active
loop not only boosts the available ΓL but also decreases the loop
amplifier output power, with a sensible reduction in the overall
cost of the system.

Index Terms—Directional couplers, microwave devices, mi-
crowave measurements, microwave phase shifters, microwave
power amplifiers, microwave power FETs, tuners, yttrium iron
garnet filters.

I. INTRODUCTION

LOAD-PULL measurements monitor the nonlinear perfor-
mances of a device under test (DUT) while driving it with

different load impedance values. They are a powerful tool to
characterize and extract models of active devices, as well as to
design and verify nonlinear circuits such as power amplifiers,
mixers, etc. [1], [2]. Modern load-pull systems can be classified
into two main typologies, shown in Fig. 1: 1) real-time systems
[Fig. 1(a)] and 2) nonreal-time systems [Fig. 1(b)].

The real-time load-pull scheme is derived from the classical
scattering parameter (S-parameter) test set, with high-power
couplers and external attenuators (for simplicity, these are not
shown in figure) on the couplers’ arms. The raw measurements
am1, bm1, am2, and bm2 are referred to the DUT planes with the
classical calibration procedures for two-port systems [3]–[6].
Moreover, absolute power levels at the reference planes are cal-
culated with some additional standards and a power meter con-
nected to a coaxial port during the calibration phase [7]–[10].

From the knowledge of the corrected input and output waves
a1, b1, a2, and b2 at DUT reference planes, all the perfor-
mances of interest (e.g., reflection coefficients, power, and gain)
are computed. These systems directly inherit from the vector
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network analyzer (VNA) all the characteristics of high-speed,
high-accuracy, fast, and flexible calibration procedures.

The main drawback of these systems consists of the losses
of the directional couplers, which prevent the highest reflection
coefficients from being reached if passive tuners are used. For
this reason, real-time systems are generally coupled with active
loads, whereas passive tuners are used in the nonreal-time
configuration in Fig. 1(b), i.e., placed as close as possible to
the DUT.

With the latter architecture, it is not possible to perform a
single VNA calibration, as in real-time systems, because the
variable loads are placed in the path between the reflectometers
and the DUT reference planes; see Fig. 1(b). To have corrected
measurements at the DUT reference planes, the S-parameters
of each system component and of the tuners, for each tuner
position, must be measured during a precharacterization phase.
The accuracy of the load-pull measurements will then rely on
the tuner and connector repeatability. Moreover, precharacter-
ization is a time-consuming procedure, if compared with the
real-time load-pull system calibration.

This drawback can be overcome by using the new ultralow-
loss broadband high-power directional couplers designed and
realized by the authors and described in Section II. The new
couplers allow combining real-time systems with passive tuners,
without losing high-reflection-coefficient capabilities [11].

In Section III, we will show that these devices are actually
“transparent” from 800 MHz up to 15 GHz so that the maxi-
mum reflection coefficient at the DUT reference plane is limited
only by the probe and short-cable losses. Some measurements
performed on a 30-W laterally diffused MOS (LDMOS) device
are shown, as an example of the use of passive tuners, in
combination with real-time load-pull systems.

Moreover, in Section IV, the advantages arising from the
combined use of the load-pull head, active loop, and passive
tuner are highlighted, with measurements and with very simple
calculations. Finally, some conclusions are briefly discussed.

II. NEW DIRECTIONAL COUPLER

The coupling devices used in this work are an evolution of
the prototype presented in [12], with sensible improvements in
bandwidth, directivity, and losses.

The so-called load-pull head is a reflectometer realized by
an 11-cm-long dual-directional coupler. A picture of the device
is shown in Fig. 2. It has −26-dB coupling (±1.5 dB ripple)
over the 0.8–18-GHz band. Some other performances are sum-
marized in Table I, whereas directivity and insertion losses are
plotted in Fig. 3. These data, along with further experimental
verifications, point to the conclusion that the load-pull head’s
main limitation consists of the directivity, making the device
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Fig. 1. Simplified scheme of (a) a network-analyzer-based real-time load-pull system and (b) a nonreal-time precalibrated load-pull system.

Fig. 2. Picture of the load-pull head.

TABLE I
MAIN PERFORMANCES OF THE NEW LOAD-PULL HEAD

usable up to 15 GHz, whereas insertion losses are no longer an
issue (up to 18 GHz).

As a comparison, the measured insertion loss of two cas-
caded commercial stripline directional couplers, in the band
0.8–18 GHz, can be about −0.8 dB at 2 GHz and less than
−2.5 dB at 12 GHz, i.e., much worse than the load-pull head.

Fig. 3. Load-pull head’s main line insertion loss and directivity.

III. PASSIVE REAL-TIME LOAD-PULL SYSTEMS

If we use a load-pull head in a real-time system configuration
[Fig. 1(a)], the DUT will see a reflection coefficient that has
almost the same magnitude as the one imposed by the load
tuning device alone.

To quantify this statement, note that a −0.8-dB loss, which
is typical for two cascaded commercial couplers at 2 GHz,
transforms an ideal |Γ| = 1 into a |Γ| = 0.83 at the DUT
reference plane, whereas a −0.05-dB loss, which is a typical
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Fig. 4. ΓL sweep performed with an automatic passive tuner at 2 GHz and
at 10.5 GHz. Squares refer to a sweep performed without any device inserted
between the reference plane and the tuner, except for a coplanar probe and
a short cable. Dots refer to the same sweep performed with a load-pull head
inserted between the reference plane and the tuner plus the same coplanar probe
and a short cable.

value for a load-pull head at 2 GHz, translates into a |Γ| of 0.99
seen by the DUT.

As a further comparison, a −2.6-dB loss corresponds to a |Γ|
of 0.55, whereas a −0.2-dB loss translates into a |Γ| of 0.96
seen by the DUT.

Thus, the load-pull head is nearly transparent up to 15 GHz
and, consequently, can be used to extend all the advantages of
any real-time system to a passive-tuner-based system. Some of
these advantages are the following:

• improved measurement accuracy;
• no need for time-consuming precalibration;
• no need for relying on tuner repeatability;
• real-time monitoring of the all performances.
An experimental verification has been made (see Fig. 4). The

same load sweep is performed in two conditions: 1) with the
probe directly connected to the tuner (squares) and 2) with
the load-pull head inserted between them (dots). Differences
between the two conditions are minimal.

A. Application Example: 30-W LDMOS
Load-Pull Measurements

As an example application, a high-power (30-W) LDMOS
device has been measured at 1.75 GHz with a real-time load-
pull test set using passive tuners and load-pull heads, as shown
in Fig. 1(a).

The very low input and output impedances of the DUT
(in the 5–6-Ω range) give rise to additional issues. To further
improve the accuracy and the reachable gammas, the DUT
is embedded in a fixture that realizes 50–10-Ω impedance
transformation [13]. Calibration standards are also embedded
in similar fixtures so that the reference planes are moved to the
DUT input and output with a thru-reflect-line calibration. The
DUT and standard test fixtures are shown in Fig. 5.

A ΓL sweep has been performed, with a fixed bias point
(VDS = 28 V, VGS = 4 V, and IDS = 140 mA). Results are
shown in Fig. 6. The Smith chart is referred to a 10-Ω im-
pedance. Note that during the sweep, a maximum ΓL = 0.9,
−168◦ (referred to a 50-Ω impedance) is reached at the DUT
reference planes. This maximum gamma corresponds to an

Fig. 5. (Left) Standard and (right) DUT fixtures, used, respectively, for
calibration and measurements of a 30-W LDMOS.

Fig. 6. Pout at a 4-dB compression load-pull map of a 30-W LDMOS device
at 1.75 GHz. The Smith chart is referred to a 10-Ω impedance.

Fig. 7. Power sweep on ZLopt = 5.6 − j7.2 Ω.

impedance of ZL = 2.7 − j5.2 Ω. This was possible due to the
use of the low-loss heads, which are almost transparent at that
frequency, i.e., the reflection coefficient presented by the tuner
is not diminished by the head losses.

The optimum ΓL for output power at 4-dB compression is
ΓLopt = 0.8, −163◦ (referred to a 50-Ω impedance), corre-
sponding to an impedance of ZLopt = 5.6 − j7.2 Ω. A power
sweep on this optimum point is shown in Fig. 7. A Pout of
45 dBm, with 35% PAE, is reached at 3-dB compression level.
Such a high power level is handled with no problem by the low-
loss heads, since their main line is an air line [12].
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Fig. 8. Active loop architecture.

Fig. 9. Simplified scheme of a network-analyzer-based load-pull system combining passive tuning and an active loop.

IV. LOAD-PULL HEAD AND ACTIVE LOOP

Let us now consider the active loop architecture in Fig. 8,
where ΓL is the reflection coefficient seen by the DUT. The ac-
tive loop concept was introduced in 1982 in [14]. A directional
coupler placed at the output of the DUT (the loop coupler) takes
part of the signal and sends it to a variable attenuator, a phase
shifter, an yttrium iron garnet filter, and, finally, an amplifier.
Then, the signal is reinjected back to the DUT output. Note
that the reflection coefficient provided to the DUT does not
change with output power if the loop amplifier is in the linear
region and has constant gain. Furthermore, note that the use of
a circulator is recommended to protect the loop amplifier. In
Fig. 8, the unavoidable losses due to cables and probes, which
are denoted L and Lc, are also sketched.

In particular, the impact of the losses between the DUT
and the loop coupler (L) is twofold: They raise the risk of
oscillations [15] and increase the loop amplifier output power
needed to synthesize a given ΓL. When combined with active
loops, load-pull heads help reduce both the risk of oscillations
and the loop amplifier output power.

A further improvement is given by the combination of an
active loop, a passive tuner, and load-pull heads in the configu-
ration shown in Fig. 9.

The passive tuner is a traditional two-port slug tuner (with
one or more slugs) placed at the DUT output inside the active
loop. Its purpose is to provide pretuning, thus reducing the
power needed by the loop amplifier. When the slugs are com-
pletely raised up, the tuner does not provide any contributions
to ΓL, which is set by the only active loop. Under this condition,
the power provided by the loop amplifier is maximum. On
the other hand, when the slugs are fully inserted, the loop is
(ideally) cut off, and the loop amplifier does not contribute to
ΓL, regardless of its output power. As a conclusion, between

these two extreme cases, there must be an optimal situation (i.e.,
an optimal tuner slug setting), where the loop amplifier output
power has a minimum.

The problem can be approached with a simplified analysis,
starting from the loop scheme in Fig. 8. In this scheme, a2 and
b2 are the waves at the DUT output reference plane, and L and
Lc are the losses due to probes, cables, and coupling devices,
under the simplified assumption that all these components are
perfectly matched. S is the scattering matrix (S-matrix) of the
passive tuner, aA and bA are the waves at the output amplifier
reference plane, and G is the overall loop gain (including the
loop coupler coupling factor, amplifier gain, and overall loop
losses). The circulator will be considered ideal; thus, bA = 0.

We define the following quantities.

• ΓLo is the desired (target) reflection coefficient seen
by the DUT (i.e., the reflection coefficient we want to
synthesize).

• ΓLt is the maximum reflection coefficient seen by the
DUT, provided by the only passive tuner when the active
loop is completely shut down (i.e., aA = 0).

The output amplifier provides a power PA = |aA|2, where

aA = G · ac = G · L · b2 (1)

so we can write

PA = |G|2 · |L|2 · |b2|2. (2)

From the definition of output power Pout, when ΓL = ΓLo,
we have

|b2|2 =
Pout

1 − |ΓLo|2
. (3)
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By replacing (3) into (2), we get

PA = |G|2 · |L|2 · Pout

1 − |ΓLo|2
. (4)

Moreover, by introducing the Sij (i, j = 1, 2) elements of
the tuner S-matrix, we can write

bt = S11at + S12aA. (5)

We now make the following assumptions, which are valid for
low (i.e., < −20 dB) coupling of the loop coupler:

bt =
a2

LLc

at =LLcb2 (6)

and substitute (6) and (1) into (5):

a2

LLc
= S11(LLc)b2 + S12GLb2. (7)

From (7), we can compute G:

G =
ΓLo − S11(LLc)2

S12L(LLc)
. (8)

In our case, S11 and S12 are not completely independent. For
a lossless reciprocal tuner, it holds that

|S11|2 + |S21|2 = |S11|2 + |S12|2 = 1. (9)

In case of low tuner losses, we can make the simplified
assumption that

|S11|2 + |S12|2 = |γ|2 (10)

where |γ| is the maximum value that |S11| can reach.
From (4), (8), and (10), we get

PA =

∣
∣ΓLo − S11(LLc)2

∣
∣
2

(|γ|2 − |S11|2) |LLc|2
Pout

1 − |ΓLo|2
. (11)

Equation (11) gives some highlights on the behavior of the
amplifier output power, with respect to ΓLo, S11, and overall
losses LLc. It is somewhat similar to [13, eq. (5)] but is valid for
a general tuning device, and it is now possible to make further
considerations on the optimization of the tuner settings.

For simplicity, let us consider a case where S11 and ΓLo are
purely real and S11 can continuously vary between zero and
γ. For a fixed desired ΓLo value, we can plot PA versus S11.
In Fig. 10, we have chosen ΓLo = 0.96 and γ = 1 and plotted
PA for several values of LLc, from −2.4 dB (typical for
commercial couplers) to −0.4 dB (obtainable with load-pull
heads). Note that in this picture, PA is normalized with respect
to its value corresponding to LLc = −2.4 dB and S11 = 0.

First, this picture shows the advantage of using a load-
pull head as a loop coupler in an active loop. It reduces
the requirements on loop amplifier output power by reduc-
ing the attenuation term LLc. For S11 = 0 (i.e., the tuner is
not present or behaving like a matched transmission line),
the required PA to obtain ΓLo = 0.96 is 2 dB lower for

Fig. 10. Normalized loop amplifier output power PA versus tuner S11 for
different values of overall losses. ΔPA is the difference between the minimum
PA and its value for S11 = 0.

LLc = −0.4 dB, with respect to the value of the required power
when LLc = −2.4 dB.

Furthermore, this picture clearly shows the effects of using
a tuner as a prematching device in an active loop. Indeed, the
minimum required amplifier power as a function of the tuner
S11 strongly depends on the overall losses. Calling ΔPA the
difference between the minimum PA and its value for S11 = 0,
as sketched in the picture, we have a ΔPA of 2 dB for −2.4-dB
losses and of 10 dB for −0.4-dB losses. This is clearly an ad-
vantage of using load-pull heads with an active loop combined
with a passive tuner.

By zeroing the first derivative of (11) on the real axis, we find
that one of the minimum values for PA corresponds to

S11min =
γ2(LLc)2

ΓLo
. (12)

If the active loop is shut down, i.e., aA = 0, and the tuner
S11 is set to this value, the reflection coefficient seen at the ΓL

reference plane will be

ΓLmin =
γ2(LLc)4

ΓLo
. (13)

Note that when aA = 0, the maximum |ΓL| obtainable with
the tuner is

|ΓLt| = |γ|(LLc)2. (14)

This means that setting the tuner to |S11min| corresponds to
having a reflection coefficient magnitude at the DUT reference
plane of

|ΓL| =
|ΓLt|2
|ΓLo|

. (15)

With these considerations, a practical procedure to find the
best tuner position (i.e., the one that minimizes the amplifier
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Fig. 11. Measured and simulated normalized PA versus ΓL and the reflection
coefficient (real) seen at the DUT output when the loop is shut down. A fixed
reflection coefficient of 0.96 was chosen as the desired ΓLo. Measurements are
performed under continuous-wave conditions at 4 GHz.

power) and to obtain the desired ΓLo is the following.

• Measure the maximum |ΓLt| obtainable with the tuner
when the loop is shut down.

• If the desired |ΓLo| < |ΓLt|, there is no need for active
load pull.

• Otherwise, set the tuner when the loop is shut down, so
that |ΓL| = (|ΓLt|2/|ΓLo|) and ∠ΓL = ∠ΓLo; this corre-
sponds to setting the S11 of the tuner equal to the S11min

of (12).
• Finally, synthesize the desired ΓLo by properly setting the

active-loop attenuator and phase shifter.

This procedure has been applied to a real-time load-pull test
bench while monitoring the amplifier output power PA with a
power meter. A real reflection coefficient of 0.96 was chosen as
the desired ΓLo. The maximum (real) ΓLt obtainable with the
tuner was in our case 0.86. The estimated best tuner position is
then 0.77.

In Fig. 11, PA (measured and simulated) is normalized and
plotted versus the ΓL of the tuner alone, which is seen at the
DUT reference plane.

These results confirm that the loop amplifier output power
reaches the minimum value for ΓL = 0.77, as predicted by the
simplified theory. In conclusion, combining load-pull heads,
tuner, and active loop sensibly reduces the loop amplifier cost,
as its output power sensibly drops.

V. CONCLUSION

Some recent advances in real-time load-pull technologies
have been described. A recently introduced directional coupler,
i.e., the ultralow-loss load-pull head, can transform any passive
precalibrated load-pull system into a real-time load-pull test set,
without losing high-reflection-coefficient capabilities. For the
first time, the load-pull head was implied in a real-time passive
load-pull test bench, and measurements give evidence that it
is nearly “transparent” up to 15 GHz and capable of handling

very high power. The new head can also be used to reduce the
risk of oscillations and the loop amplifier output power in active
loop architectures. Finally, some additional advice to bypass
the remaining unavoidable losses due to probes and cables was
given. The joint use of load-pull heads, a passive tuner, and an
active loop not only boosts the available ΓL but also decreases
the loop amplifier output power, with a sensible reduction in the
overall cost of the system.
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